Age at onset is one of the most important factors that affects the clinical course in Alzheimer disease (AD), whereas other factors such as apolipoprotein E (apoE) genotype may also play a major role. In this study, we aimed to investigate the effect of age at onset and apoE genotype on white-matter changes in AD using diffusion tensor imaging. About 213 patients with AD and 66 normal individuals underwent diffusion tensor imaging, and apoE genotype was obtained in all AD patients and in 24 normal individuals. When multiple regression analysis was conducted, a younger age at onset was associated with lower fractional anisotropy in both deep-located long-range limbic and association fibers and superficial-located short-range association fibers in the frontal, the temporal, and the parietal lobes, and with a higher mean diffusivity in deep-located fibers and the bilateral medial thalamus. When analyzed separately in apoE e4 carriers and noncarriers, e4 carriers showed an association between a younger age at onset and lower fractional anisotropy, mainly in deep-located fibers, whereas noncarriers showed this association in both deep-located and superficial-located fibers. There was no difference in the spatial distribution between carriers and noncarriers in the association between the age at onset and mean diffusivity. Our results suggest that the topographical distribution of white-matter changes in AD is significantly affected by the interaction between age at onset and apoE genotype.
A ge at onset is one of the most important factors that affect the clinical course of Alzheimer disease (AD). Early-onset AD (EOAD), which is frequently referred to as AD beginning before age 65 years, 1 is known to be present with focal cortical symptoms such as language problems, apraxia, visuospatial dysfunction, and executive dysfunction more frequently, and has a more aggressive clinical course than late-onset AD (LOAD). 2 Neuropathologic studies have also consistently reported that patients with early onset show a larger burden of pathology than late onset, although they might be confounded by difficulties in matching the disease severity. 3 Different findings according to the age at onset have also been demonstrated in previous studies on structural and functional neuroimaging. On 18 F-fluorodeoxyglucose positron emission tomography (PET), AD patients with early onset showed more severe and widespread glucose hypometabolism than those with a late onset despite the fact that the extent or the distribution of amyloid deposition did not differ on 11 C-Pittsburgh compound B PET. [4] [5] [6] [7] Likewise, patients with early onset showed more prominent atrophy in posterior brain areas including the posterior cingulate cortex, temporoparietal neocortices, and the precuneus than medial temporal areas, whereas medial temporal atrophy is considered to be the most salient finding of LOAD on structural neuroimaging. [8] [9] [10] [11] [12] [13] Recently, however, there have been different suggestions about the relation of age at onset and AD phenotypes. It has been suggested that other factors, such as the apolipoprotein E (apoE) genotype, may also play important roles in determining the clinical phenotype. 13 This is supported by the observations that the presence of apoE e4 allele is associated with more memory impairment and limbic atrophy as well as younger age developing clinical AD. 14, 15 Thus, although the apoE genotype could be an important factor in determining both the age at onset and the clinical phenotype, it has not been addressed as a significant variable in most of the previous investigations on the age at onset and AD phenotypes.
Most of the previous studies divided patients into the categories of EOAD and LOAD with a cutoff age of 65 years and compared each category with their age-matched controls. However, it has been recently reported that there is still significant heterogeneity of clinical characteristics in each group of EOAD and LOAD, 16 and the key factors determining the characteristics could not be investigated efficiently by conventional design with dichotomous division of AD patients with an arbitrary cutoff age. A multiple regression model constructed with the age at onset as an independent variable and a neuropathologic parameter as the dependent variable could answer this condition. However, such a statistical design may still lead to a dilemma in terms of the normal aging effect. Namely, including the current age as an independent variable will result in a collinearity problem due to the high correlation between the current age and the age at onset, and excluding the current age from the model will also lead to a biased result from the unadjusted effect of the current age. To solve this problem and to efficiently disentangle the effects of age at onset from the effects of current age, we introduced a more sophisticated statistical design in the present study, demonstrating the interaction effect of the age at onset (which was substituted with the current age in the normal control group) between the AD group and the normal control group on diffusion tensor parameters. A similar design has been used in previous neuroimaging studies of dementia. 17, 18 Although diffusion tensor imaging (DTI) has been commonly used for evaluating pathologic processes in brain white matter, there have been only a few studies investigating the association between DTI changes and the age at onset in AD. We therefore aimed to investigate changes in white-matter integrity according to age at onset in AD using DTI in the present study. We also aimed to investigate the effects of the apoE e4 genotype on the relationship between age at onset and white-matter changes in AD.
METHODS

Participants
Magnetic resonance imaging (MRI) including the DTI sequence was obtained in 216 patients with AD and 77 individuals with normal cognition (NC). Patients with AD were recruited from the Memory Disorder Clinic in the Department of Neurology at the Samsung Medical Center in Seoul, Republic of Korea, between 2007 and 2010. Clinical diagnoses of AD followed the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria as described. 19 All the patients with AD underwent a clinical interview and neurological examination as described previously. 20 For data collection of the age at onset, family members of the patients were interviewed by board-certified neurologists thoroughly with detailed questions to minimize recall bias. The absence of secondary causes of cognitive deficits was confirmed with laboratory tests to assess vitamin B 12 and folate levels, syphilis serology, and thyroid function. Conventional MRI confirmed the absence of territorial cerebral infarctions, brain tumors, and other structural lesions or abnormalities. After visual inspection of DTI data, 3 patients with AD were excluded because of severe artifacts on their images, resulting in 213 patients finally being included in the AD group. The information of apoE genotypes was obtained in all patients with AD.
The 77 NC individuals were recruited from the same clinic during the same period as the AD patients. They were healthy family members of visitors in the clinic or patients who visited the clinic with concerns of their memory problem, but performed normally in neuropsychological tests. Their conventional MRI and DTI were inspected visually, and 2 participants with severe artifacts on their images, 1 with meningioma, and 8 with ischemic whitematter changes were excluded, resulting in a final sample of 66 NC individuals. Of the 66 participants, 20 were healthy controls without any history of neurological or psychiatric disease, and 46 were those who had subjective concerns of their memory problem. All of these NC individuals performed normally in the neuropsychological tests. The information on apoE genotype was available in 24 of these participants.
All participants provided a written informed consent regarding the scientific evaluation of their data. This study was approved by the local Institutional Review Boards at Samsung Medical Center. Demographic features of the participants are detailed in Table 1 .
Image Acquisition and Processing
MRI was performed on a 3.0 T Philips Intera Achieva MR scanner (Philips Healthcare, Best, the Netherlands). The field of view was 22 Â22 cm 2 , with a section thickness of 2 mm with no gap between sections. The in-plane resolution was 1.72Â 1.72 mm. The DTI data-set was acquired by diffusion-weighted single-shot echo-planar imaging with the following parameters: echo time, 60 ms; repetition time, 7696 ms; Flip angle, 90 degrees; a b-factor of 600 s/mm 2 ; a matrix dimension of 128Â128; 70 axial slices. With the baseline image without weighting, diffusion-weighted images were acquired from 45 different directions. All axial sections were acquired parallel to the anterior commissureposterior commissure line.
Maps of the fractional anisotropy (FA), an index of directional selectivity of water diffusion, and the mean diffusivity (MD), an index of the average molecular motion independent of any tissue directionality, were constructed for each participant using DTI-Studio Version 2.4.01 (Johns Hopkins University, Baltimore, MD). 21 Customized template image creation and preprocessing analysis were carried out using a voxel-based morphometry technique implemented in SPM8 (Wellcome Department of Imaging Neuroscience, London, UK). For the customized template creation, B0 DTI volumes from the total 279 participants were spatially normalized to the Montreal Neurological Institute template (Montreal Neurological Institute, QC, Canada). The spatially normalized B0 images were averaged to provide the customized template in stereotactic space. B0 images from all participants were spatially normalized to the customized template, and the parameters resulting from this step were then applied to the FA and MD maps of each participant. These spatially normalized FA and MD images were smoothed with an isotropic Gaussian kernel (8-mm full width at half maximum).
Rating of White-Matter Hyperintensities (WMHs) on a Conventional MRI
In patients with AD, the extent of deep and periventricular WMHs on a FLAIR image of conventional MRI was visually rated using a semiquantitative scale to adjust for combined ischemic changes. 22 On this scale, periventricular WMH was scored as 1 (cap and band <5 mm), 2 (5 mmrcap or band < 10 mm), and 3 (10 mmrcap or band), whereas deep WMH was scored as 1 (the maximum diameter of deep white-matter lesion <10 mm), 2 (10 mmrlesion < 25 mm), and 3 (Z25 mm). Each participant's WMH score was defined to be an addition of the periventricular WMH score and the deep WMH score, and thus ranged from 2 to 6 ( Table 1 ).
Statistical Analysis
Voxel-based statistical analyses of the FA and MD maps were performed using SPM8. Initially, to demonstrate the effects of the current age on DTI parameters, multiple regression analyses were conducted in the AD and the NC groups with current age, sex, and education as independent variables and FA and MD values as dependent variables. To eliminate the confounding effects due to normal aging in the investigation of the age at onset, multiple linear regression analysis was also conducted in all participants with the interaction between the group and the age at onset (substituted with the current age in the NC group), with the group, the age at onset, the sex, education, and the degree of WMH as independent variables, and FA or MD values as dependent variables. Thus, the interaction effect of the age at onset on diffusion tensor parameters between the AD and the NC groups could be interpreted to be mostly the effect of the age at onset, which was disentangled from the effects due to normal aging. To additionally assess the effect of the apoE genotype, the AD group was divided into 2 subgroups according to whether they had one or more e4 alleles or not, and the regression analysis was conducted again with each AD subgroup and the NC group in the same manner. The interaction effect of the age at onset was also analyzed directly between e4-positive and e4-negative subgroups in AD by including sex, education, and the degree of WMH as covariates. In this analysis, current age was not included as a covariate not only because there was no significant difference between the subgroups (Table 1) , but also to avoid a possible collinearity problem with age at onset in the model.
Analyses were thresholded at P < 0.001 uncorrected. To exclude clusters of a very small size and increase the anatomic plausibility of our results, we used cluster size thresholds of 30 or 100 contiguous voxels.
RESULTS
Demographic and Clinical Characteristics of the Groups
As shown in Table 1 , AD patients showed an older current age and a lower education level than the NC individuals, whereas there was no significant difference in the sex distribution between the groups. The proportion of those with the apoE e4 allele was significantly higher in the AD group. The ApoE e2 allele was positive in 12 AD patients (5.6%) and in 6 NC individuals (25.0%). In the AD group, 66 patients could be classified into EOAD and 147 patients into LOAD. Patients with EOAD showed a significantly higher education level, a lower Mini-Mental State Examination (MMSE) score, a lower WMH score, and a marginally longer disease duration when compared with those with LOAD. When the comparison was conducted between apoE e4 carriers and noncarriers in the AD group, there was no significant difference in demographic and clinical characteristics.
Effects of the Current Age on Diffusion Tensor Parameters
In both the AD and the NC groups, a younger current age was associated with higher FA and lower MD, predominantly in deep frontotemporal areas, although the extent was wider in the AD group including both cerebellar hemispheres and a small portion of superficial white matters adjacent to neocortices ( Supplementary Fig. 1 , Supplemental Digital Content 1, http://links.lww.com/WAD/ A137). There was no significant brain area of association between a younger current age and lower FA or higher MD in both groups.
Effects of Age at Onset on Diffusion Tensor Parameters
When the effect of current age was controlled using a regression model including the interaction between age at onset (current age in the NC group) and the group as one of the independent variables, a younger age at onset was associated only with lower FA and higher MD. As demonstrated in Figure 1A , an association of a younger age at onset with a lower FA was observed not only in long-range deep white-matter tracts including the bilateral inferior longitudinal/inferior fronto-occipital fasciculus, the superior longitudinal fasciculus, and the anterior and posterior cingulum, but also in bilateral short-range superficial whitematter tracts adjacent to the frontal, the temporal, and the parietal neocortices in the AD group. In contrast, the association between a younger age at onset and higher MD was observed only in long-range deep white-matter tracts including the bilateral inferior longitudinal/inferior frontooccipital fasciculus and the anterior and posterior cingulum, and the bilateral medial thalamus in the AD group (Fig. 1B) .
Effects of the Age at Onset in ApoE e4-positive and e4-negative AD Patients
When apoE e4 carriers and noncarriers in the AD group were analyzed separately using the same design of multiple regression analysis and the same control group as described above, a younger age at onset showed an association with lower FA, mainly in deep white-matter tracts including the anterior and the posterior cingulum, the right superior longitudinal fasciculus, the left inferior longitudinal/inferior fronto-occipital fasciulus, and in a small portion of superficial white matters adjacent to the left parietal cortex in the e4 carrier group ( Fig. 2A) . A younger age at onset also showed an association with higher MD in the bilateral inferior longitudinal/inferior fronto-occipital fasciulus, the posterior cingulum, the right uncinate fasciculus, and the bilateral medial thalamus in the e4 carrier group (Fig. 2B) . In contrast, in the noncarrier group, a younger age at onset showed an association with lower FA not only in deep white-matter tracts including the anterior and the posterior cingulum and the bilateral inferior longitudinal/inferior fronto-occipital/ uncinate fasciulus, but also in a large portion of superficial white-matter tracts adjacent to the frontal, the temporal, and the parietal neocortices (Fig. 2C) . A younger age at onset was also associated with higher MD in the bilateral inferior longitudinal/inferior fronto-occipital fasciulus, the anterior and the posterior cingulum, and the bilateral medial thalamus in the noncarrier group, showing an almost similar distribution with the result of MD in the e4 carrier group (Fig. 2D) . In both cases, there was no area of association between a younger age at onset and higher FA or a younger age at onset and lower MD.
When the interaction effect was delineated between the apoE e4 carrier and noncarrier subgroups in AD patients, a younger age at onset showed significantly lower FA in e4 FIGURE 1. Effects of age at onset disentangled from the effect of current age on diffusion tensor parameters in the Alzheimer disease group. When the age at onset is younger, fractional anisotropy shows a greater decrease in both deep and superficial white matters (A), whereas the mean diffusivity shows a greater increase mainly in periventricular white matters and some part of deep gray matters (B). Results are shown at P < 0.001 uncorrected, and the cluster extension is set at Z100. noncarriers than in carriers in the left posterior cingulum, the bilateral inferior fronto-occipital/uncinate fasciulus, and superficial white-matter tracts adjacent to the right frontal neocortex (Fig. 3 ). There was no significant area of more association with FA in e4 carriers than in noncarriers, and there was also no significant area of interaction with MD between the subgroups.
DISCUSSION
In the present study, the effect of age at onset was efficiently disentangled from the effect of normal aging on diffusion tensor parameters in AD patients. Although NC individuals were significantly younger than AD patients in the present study, the relationship between age and brain change is known to be linear, 18, 23 and there was a significant spatial overlap of correlation maps between the current age and DTI parameters in deep frontotemporal areas as shown in Supplementary Figure 1 (Supplemental Digital Content 1, http://links.lww.com/WAD/A137), where major degenerative changes due to the natural aging process are considered to happen. However, as it is still possible that the effect of current age difference on DTI parameters was not fully removed and may be confounding the results, our data should be interpreted cautiously.
In patients with AD, e4 carriers with a younger age at onset showed an FA decrease mostly in deep long-range limbic and association fibers, whereas noncarriers showed an FA decrease both in deep long-range limbic and association fibers and in superficial short-range association fibers. In general, deep-located long-range limbic and association fibers connect distant brain areas. 24 The cingulum, which is classified as a long-range limbic fiber, runs from the uncus and the parahippocampal gyrus to subrostral areas of the frontal lobe, and connects the medial frontal gyrus, the posterior parietal lobule, and the cingulate, the cuneate, the lingual, and the fusiform gyri. 25 Longrange association fibers include the superior longitudinal fasciculus, the inferior longitudinal fasciculus, the inferior fronto-occipital fasciculus, and the uncinate fasciculus. 24 The superior longitudinal fasciculus connects the perisylvian frontal, the parietal, and the temporal cortices, and the inferior longitudinal fasciculus connects the temporal lobe with the occipital lobe. The inferior fronto-occipital fasciculus connects the lateral frontal cortex with the posterior temporal cortex and the occipital lobe, and the uncinate fasciculus connects the anterior temporal lobe with the orbital and the polar frontal cortex. 25 In contrast, short-range association fibers are mainly U-shaped fibers that run more laterally and superficially than long-range association fibers, and usually connect nearby cortical areas. 24 Thus, our results of more diffusion tensor changes in these short-range association fibers in e4 noncarriers with a younger age at onset could be interpreted as higher damage in the subcortical U-fibers that arch through the cortical sulci to connect the adjacent gyri compared with e4 carriers with a younger age at onset. Superficial white matter, which is mostly composed of short-range association fibers, has not been well characterized in AD, and the major factor for this is the quite higher interindividual variability compared with deep white matters. 26 Postmortem studies and in vivo MRI-based studies suggest that subcortical U-fibers constitute the terminal zone of myelination and remain incompletely myelinated even until the third or the fourth decades of life. 27, 28 Nevertheless, a recent study utilizing the magnetization transfer ratio demonstrated bilateral demyelination in the temporal, cingulate, parietal, and prefrontal superficial white matter in AD. 29 Interestingly, their data also showed different patterns of demyelination according to age at onset: in early onset, bilateral posterior demyelination spreading to the left temporal areas was observed, whereas in late onset, a bilateral pattern was observed, with the temporal and the cingulate areas being strongly affected. This is consistent with our findings although they did not consider the effect of the apoE genotype in their analyses.
Distinct clinical features of EOAD from LOAD have been explained by various hypotheses, and one of them is the brain reserve hypothesis. 17, 30 That is, young patients have a greater brain reserve capacity so that a greater pathologic burden will be required to show a functional level of cognitive impairment similar to that of old patients. 5, 7 This is also supported by the fact that adult hippocampal neurogenesis, which may contribute to brain recovery from neurodegeneration, is shown to be more preserved in younger patients than in older patients. 31, 32 However, better regenerating capacity alone could not explain the distinct features of EOAD from LOAD. A FIGURE 3. Different effects of the age at onset on fractional anisotropy between apoE e4 carriers and noncarriers with Alzheimer disease. In apoE e4 noncarriers compared with carriers, fractional anisotropy shows a greater decrease with a younger age at onset in both deep white-matter tracts and superficial white-matter tracts. Results are shown at P < 0.001 uncorrected, and the cluster extension is set at Z30. recent analysis indicates that the pathology is more widespread and more pronounced outside the limbic areas in EOAD, whereas most of the previous studies have been focused on the severity rather than the distribution of the pathology. 13 In addition to this, our results with different patterns of association between the age at onset and diffusion tensor changes according to the presence of apoE e4 allele indicates that there will be an interaction effect between the apoE genotype and the age at onset on the pathologic distribution of AD. This is also supported by previous PET studies that showed that carriers of the apoE e4 allele with EOAD had the most severely reduced metabolism in the medial temporal lobe, whereas noncarriers with EOAD had more severe hypometabolism in the posterior temporal and parietal cortices. 33, 34 Recently, it has been postulated that there are 2 distinct subtypes of AD: one is typical AD with a late-onset, less aggressive course, and predominant medial temporal atrophy, and the other is atypical AD with an early-onset, more aggressive course, and predominant neocortical atrophy. 34 The ApoE genotype may play critical roles in determining these clinical phenotypes by conferring specific patterns of regional vulnerability in the brain. 13 Diverse expression of apoE has been shown to affect the anatomic distribution of the AD pathology in experimental studies, 35 and the presence of the e4 allele has been invariably associated with predominant changes in medial temporal structures. 36 The presence of the e4 allele is also associated with a younger age at onset on the basis of previous clinical data with homozygous e4 allele carriers developing clinical AD up to 10 years earlier than those who do not have this allele. 37, 38 Thus, the presence of the e4 allele is considered to have a significant effect on both the age at onset and the pathologic distribution in AD, which is also supported by our results.
However, our results of MD did not show a similar spatial distribution with FA in the present study. In the AD and the NC groups, current age was correlated to a larger extent with MD than with FA ( Supplementary Fig. 1 , Supplemental Digital Content 1, http://links.lww.com/ WAD/A137), and in the AD group, age at onset was associated with changes in MD consistently in deep and periventricular white matters and in some part of deep gray matters regardless of the presence of the e4 allele in contrast to changes in the FA (Fig. 2) . Such inconsistent results between FA and MD have also been reported in several previous DTI studies on AD although the interpretation is still challenging. 39 We can hypothesize that there will be a certain difference in the sensitivity between FA and MD for detecting subtle changes in brain structures due to the AD pathology. In addition, our finding of an association between a younger age at onset and higher MD in deep gray matters was also demonstrated in previous studies, 7 which can be concatenated with more common clinical extrapyramidal symptoms in EOAD than in LOAD. 40 However, it should also be considered that such deep gray matter and periventricular regions could be easily contaminated by adjacent cerebrospinal fluid signals from the partial volume effect or registration errors through image processing. Particularly, as T1 structural MRI was not available in this study, there could be technical errors in the process of spatial normalization. Regarding these inconsistent results, follow-up studies with more sophisticated registration methods with partial volume correction are necessary. Another limitation of the present study is that our NC group included individuals with subjective memory impairment, which could be an indicator of underlying AD pathology, and this could confound the results. We also have to consider a possible recall bias in the process of data collection with regard to age at onset as informants tend to ignore very early signs of the disease.
Despite the limitations, our results suggest that the topographical distribution of pathologic white-matter changes in AD is affected significantly by the age at onset, the apoE genotype, and their interaction. Therefore, the apoE genotype should always be taken into consideration together with the age at onset in further research on the diversity of phenotypes in AD.
